This review provides an overview of the unique features of DNA methylation in the human placenta. We discuss the importance of understanding placental development, structure, and function in the interpretation of DNA methylation data. Examples are given of how DNA methylation is important in regulating placental-specific gene expression, including monoallelic expression and X-chromosome inactivation in the placenta. We also discuss studies of global DNA methylation changes in the context of placental pathology and environmental exposures.
P
lacental DNA is uniquely methylated as compared with that from the embryo or even other extraembryonic membranes, reflecting this organ's early developmental origin and distinct function. This DNA methylation profile changes throughout gestation, due both to changes in cell composition and changes in gene expression within individual cell types. Furthermore, the placenta shows considerable developmental plasticity, which is important for responding to fetal and maternal signals and to compensate for defects that may occur in the placenta. Thus, the placental methylome may be a rich source of information about a pregnancy, relevant to understanding development, assessing health, and providing clues about intrauterine exposures. We hereby review some of the unique features of DNA methylation in the human placenta and their relevance to clinical applications.
DNA METHYLATION
Epigenetic marks are important for the regulation of tissue-and developmental age-specific gene expression. Such marks include DNA methylation and histone modifications, which affect the accessibility of DNA to the binding of transcription factors and other regulatory proteins. DNA methylation typically involves the methylation of a cytosine residue located in a CpG dinucleotide. There are 28 million CpGs in the genome, most of which are methylated. However, those clustered within "CpG islands" (regions with more concentrated CpG dinucleotides commonly found at gene promoters) tend to be unmethylated (Weber et al. 2007) . Some CpG islands become methylated during early differentiation and play a role in programmed repression of cell-specific or tissue-specific genes (Ching et al. 2005; Shen et al. 2007 ). The less CpG-dense edges of the CpG islands are referred to as "island shores." DNA methylation at island shores may be reduced during periods of active gene transcription, perhaps owing to relaxation of the chromatin structure (Irizarry et al. 2009 ) or the physical presence of transcription factors. DNA methylation can also regulate the use of alternative gene promoters (Maunakea et al. 2010) or regulatory regions (enhancers, insulators, or suppressors) altogether outside of gene promoter(s) (Weber et al. 2007 ). Hence, the DNA methylation code contains information about many different functional regions of the genome that work together to influence (or respond to) gene transcription.
In most tissues, DNA methylation is relatively stable within a cell type once established and can yield information about normal developmental processes. However, the permanency of epigenetic marks is not absolute. There are extensive alterations to DNA methylation in the placenta throughout gestation (Novakovic et al. 2011 ) and in response to changes to in utero conditions (Hogg et al. 2012) . Studying DNA methylation can therefore yield information about pathological changes and in utero exposures (Hogg et al. 2014a ).
UNIQUE FEATURES OF DNA METHYLATION WITHIN THE PLACENTA
Studies of the placenta generally sample chorionic villi, which are embryonically derived and comprise the bulk of the placenta. The chorionic villi have a distinctive DNA methylation profile compared with embryonic tissues, maternal decidua, or the extraembryonic membranes (amnion and chorion) (Fig. 1) . The chorionic villi are composed of a mix of trophectoderm (outer layer of the blastocyst) and inner cell mass (ICM)-derived cells, whereas amnion and chorion are most likely derived primarily from the epiblast (derived from the ICM) just before primitive streak formation (Peñaherrera et al. 2012) . Correspondingly, the DNA meth- BeadChip data filtered for X and Y chromosome probes, probes cross-hybridizing to the X or Y, probes with SNPs in the target CpG site and probes that could not be distinguished from the background signal (detection p value .0.05). Sample sizes for each tissue group are: 3 female cord blood, 10 maternal blood, 3 decidua, 6 female cultured CVS (chorionic villus sampling), 3 female and 3 male umbilical cord, 3 male amnion, 7 female and 6 male muscle, 8 female and 7 male kidney, 4 female and 5 male spinal cord, 6 female and 5 male brain, 4 FACS-sorted cytotrophoblast, 2 female and 3 male first trimester chorionic villi (,13 wk gestation), 8 female and 6 male second trimester chorionic villi (!13 to ,24 wk gestation), 10 female and 11 male term chorionic villi (!37 wk gestation), 5 density-gradient separated term cytotrophoblast. Ã Indicates a pooled sample of several individuals. Colored labels indicate the origin of each tissue.
ylation profile of these latter two tissues is more similar to fetal tissues than placenta (chorionic villi), based on Illumina Infinium microarray profiling ( Fig. 1 ) and X-chromosome inactivation (XCI) studies (Peñaherrera et al. 2012) .
We summarize below and in Table 1 the global DNA methylation features of the placenta, which are unique among healthy tissues, but many of which are also observed in cancer . Cancer cells may exploit pathways normal in placental development for invasion of surrounding tissue and avoidance/modulation of the host/maternal immune system.
Global Hypomethylation
A key feature of epigenetic reprogramming in the zygote and preimplantation embryo is the loss of DNA methylation, such that the late morula/early blastocyst shows less DNA methylation than at any other developmental time point (Smith et al. 2012) . Although in the ICM, this is followed by a rapid wave of de novo DNA methylation, the trophectoderm remains hypomethylated (Santos et al. 2010) . In fact, chorionic villi show 10% -25% less cytosine methylation than fetal tissues (Ehrlich et al. 1982) . As the villous trophoblast (derived from trophectoderm) is the predominant cell type present in the placenta throughout gestation (Grigoriu et al. 2011; Peñaherrera et al. 2012) , its distinct DNA methylation profile may in part reflect the exemption of the trophoblast from this early reprogramming (Fig. 1 ). In addition, DNMT1, a gene encoding a maintenance DNA methyltransferase, is specifically down-regulated by monoallelic promoter DNA methylation in trophoblast cells and cultured and uncultured chorionic villi. This may contribute to, but seems not to be essential for, placental DNA hypomethylation (Novakovic et al. 2010 ). Monoallelic methylation In addition to imprinted loci, which are well established to be important in placental development, a number of other genes have shown variable or polymorphic monoallelic methylation. This may allow gene expression to be more fine-tuned in placenta as part of its developmental plasticity.
Partially Methylated Domains (PMDs)
Placental DNA hypomethylation is not uniform across the genome, but occurs largely in "partially methylated domains" (PMDs). These are large (.100 kb) regions of reduced DNA methylation interspersed with regions of higher DNA methylation . The occurrence of PMDs is unique to placenta, some cultured cells, such as fetal lung fibroblasts, foreskin fibroblasts and adipocytes, and cancer (Lister et al. 2011; Schroeder and LaSalle 2013; . Placental PMDs are estimated to cover nearly 40% of the genome and are relatively gene-poor. Placental genes within PMDs tend to be tissue-specific, and show higher promoter DNA methylation and reduced expression as compared with somatic tissues . The function of PMDs is unclear, and they have been hypothesized to arise as a consequence of the rapid cell divisions occurring in early placental development or as a programmed mechanism for regulating placental-specific gene expression (Schroeder and LaSalle 2013) . If occurring as a result of epigenetic programming, then disruption of such organization could theoretically lead to significant placental dysfunction, including perhaps implantation failure or miscarriage.
Retrotransposable Element Hypomethylation
The placenta also shows reduced DNA methylation at some types of repetitive DNA . Retrotransposable elements (RE) (e.g., L1, Alu, human endogenous retrovirus [HERV]) constitute nearly 50% of the human genome and are generally highly methylated as a silencing mechanism of the host. L1 DNA methylation (based on a consensus sequence present in a subset of L1s) is substantially reduced and more variable across individuals with 60% DNA methylation in the placenta as compared with 80%-90% in fetal tissues (Cotton et al. 2009; Price et al. 2012 ). In contrast, average Alu DNA methylation is similar in placenta and fetal tissues using the same technique (Gama-Sosa et al. 1983; Price et al. 2012) . DNA methylation of any individual Alu or L1 element depends on multiple factors such as its location in the genome and age of the element (Szpakowski et al. 2009; Xie et al. 2009; Price et al. 2012) . Similarly, DNA methylation of HERV families in placenta show on average reduced, but widely variable, levels across different HERVs (Reiss et al. 2007 ). Reduced DNA methylation at a subset of such elements may result in the increased usage of RE-derived promoters for placental-specific expression of genes or gene-isoforms (Rawn and Cross 2008; Cohen et al. 2009 ). Some examples of placental-specific genes using HERV-derived promoters include:
(1) syncytin 1 and syncytin 2, involved in the fusion of trophoblast cells to form a multinucleate syncytium and in the formation of exosomes (Vargas et al. 2009 ); (2) the placentalspecific promoter of IL2RB (interleukin-2 receptor b subunit), which plays a role in NK cell differentiation at the maternal -fetal interface (Cohen et al. 2011) ; and (3) PEG10, a maternally imprinted gene essential for placental development (Clark et al. 2007 ).
Hypomethylation of X-Chromosome Gene Promoters in Females
To achieve dosage compensation between males (XY) and females (XX), one of the two X-chromosome is normally inactivated in all female cells. In somatic cells, the inactive X is characterized by high gene promoter DNA methylation and hypomethylation of gene bodies. Although autosomal gene promoters are roughly similarly methylated in placenta and embryonic tissues, there is a striking hypomethylation of Xlinked CpG island promoters in female placentas (Cotton et al. 2009) . DNA methylation at X-linked CpG island promoters is on average 27% less in the female placenta as compared with female blood, but this is still higher than X-linked CpG island promoter methylation observed in the male placenta (Cotton et al. 2009 ).
The reason for reduced methylation on the X is not known. Given this pattern, one might expect greater expression of genes from the inactive X-chromosome in female placenta as compared with blood, but this does not generally appear to be the case (Nguyen and Disteche 2006) . Although there is no evidence for Xchromosome reactivation in healthy female placental tissues, this was observed in cultures of villous stroma from first trimester miscarriages (Migeon et al. 2005) . While the reduction in DNA methylation on the X in female placentas might not have functional consequences for XCI, it does affect the interpretation of DNA methylation-based assays of XCI in placental tissues. The human androgen receptor (HUMARA) assay commonly used clinically to assess XCI in human tissues is based on differential DNA methylation at an HpaII site within exon1 of the androgen receptor. In fetuses carrying X mutations or chromosomal rearrangements, assessment of nonrandom or skewed XCI may be relevant to interpreting potential phenotype. However, application of HUMARA or similar assays to placental tissues is limited for several reasons. First, this site is incompletely methylated on the inactive X in trophoblast and mesenchyme of the placenta as well as in amnion and chorion (Peñaherrera et al. 2012) . It was also reported that this site was unmethylated in microdissected stromal tissue from placenta and umbilical cord (Looijenga et al. 1999) . Second, the villous trees of the placenta grow in a highly clonal manner (see below), creating extensive site-tosite differences in XCI status (Moriera de Mello et al. 2010; Peñaherrera et al. 2012 ). Last, the average level of skewing over multiple sampled sites shows little correlation with skewing observed in fetal somatic tissues (Peñaherrera et al. 2012) . In one X-autosome translocation female, skewed XCI was observed in cord blood, umbilical cord, and amnion, but was largely random in the placenta (Peñaherrera et al. 2003) . Hence, placental tissue should not be used to predict skewing status in the somatic tissues of carriers of X-linked mutations.
Gene Promoter Methylation
Despite the global hypomethylation of placenta, DNA methylation is clearly an important mechanism for gene regulation in the placenta. On average, autosomal gene promoters are methylated similarly in placenta as in somatic tissues (Cotton et al. 2009; Price et al. 2012) , with high density CpG island promoters tending to be more methylated and nonisland promoters slightly less methylated in the placenta as compared with fetal tissues . However, this is very much gene specific. Some examples of genes with placental-specific expression that are also specifically unmethylated at their gene promoters include chorionic gonadotropin-beta subunit (CGB) (Campain et al. 1993 ) and placental lactogen (CSH1) (Cho et al. 2001) . Likewise, many genes are methylated at their promoter and down-regulated specifically in the placenta. For example, methylation and down-regulation of OCT4 is associated with normal trophoblast differentiation early in development (Zhang et al. 2008 ) and methylation of tumor suppressor genes, such as RASSF1 or APC, is associated with trophoblast invasiveness (Novakovic et al. 2008) . Further evidence for the importance of DNA methylation for gene expression in placental trophoblast comes from in vitro studies using 5-Aza-2 0 -deoxycytidine to inhibit DNA methylation in choriocarcinoma cells (Hogg et al. 2014b ).
Monoallelic Methylation and Genomic Imprinting
Monoallelic DNA methylation leading to monoallellic repression/expression of one of the two gene copies can occur in an imprinted ( parent-of-origin dependent) manner or can be seemingly random. The importance of genomic imprinting in placental development has been widely discussed in the literature (Coan et al. 2005; Frost and Moore 2010; Fowden et al. 2011 ). Many imprinted genes are associated with an "imprinting control region" (ICR), the methylation of which regulates monoallelic gene repression. For example, two large micro-RNA clusters (C14MC and C19MC) on chromosome 14 and 19 are each regulated by an ICR such that both alleles are methylated and repressed in somatic tissues, but there is monoallelic DNA methylation of the ICR and expression of these microRNAs in placental tissues (Noguer-Dance et al. 2010; Mouillet et al. 2011) . As previously mentioned, the DNA
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Cite this article as Cold Spring Harb Perspect Med 2015;5:a023044 methyltransferase gene DNMT1 shows placental-specific imprinting with maternal-allele DNA methylation and paternal-allele expression in the placenta (Das et al. 2013) . Some imprinted genes, such as CDKN1C and IGF2, have placental-specific promoters (Monk et al. 2006; Yuen et al. 2011a) , illustrating that placental imprinted differentially methylated regions (DMRs) may differ from somatic ones for a given imprinted gene. Polymorphic or variable imprinting across cells has also been reported in placenta (Lambertini et al. 2008) , for example, in the genes IGF2R (Xu et al. 1993 ) and WT1 (Jinno et al. 1994) .
As many imprinted DMRs/ICRs are tightly maintained in placenta, DNA methylation testing can be used for diagnosis of chromosomal imbalance in the placenta (Bourque et al. 2011) . Therefore, the parental origin of triploidy or the level of androgenetic cells in samples from placentas with placental mesenchymal dysplasia can be diagnosed from DNA methylation ratios at imprinted ICRs (Fig. 2) . Comparing the DNA methylation profile of placentas with unbalanced parental contributions (i.e., triploidy, hydatidiform moles) has also allowed for the identification of novel imprinted genes Yuen et al. 2011a) . Abnormal DNA methylation values at imprinted DMRs have been associated with in vitro fertilization, miscarriage, and intrauterine growth restriction ( Table 2) .
As in other tissues (Gimelbrant et al. 2007; Chess 2012) , monoallelic expression can occur in the absence of imprinting. Variable degrees of nonimprinted monoallelic DNA methylation have been reported for the leptin gene (LEP) (Hogg et al. 2013b ). Interestingly, placentas associated with early-onset preeclampsia show hypomethylation of LEP, which is in turn associated with more biallelic LEP expression compared with controls (Hogg et al. 2013b ). Methylation allelic polymorphism (MAP), or an "on2off " type of DNA methylation (0% or 50% corresponding to biallelic/monoallelic expression patterns) that cannot be explained by a nearby genetic polymorphism, has been reported in placenta for WNT2, TUSC3, EPHB4, and CGB5 (Yuen et al. 2009; Uuskula et al. 2011 ).
There was suggestive evidence for an association of the TUSC3 MAP with preeclampsia (Yuen et al. 2009 ) and the CGB5 MAP to early miscarriage (Uuskula et al. 2011) . Overall, the possibility of variable monoallelic DNA methylation as a way to fine tune gene expression or increase diversity is intriguing.
INFLUENCE OF PLACENTAL ARCHITECTURE Villous Tree Structure
In a human placenta, the fetal vessels enter through the chorionic plate and branch into a network covered by two main cell layers, an outer trophoblast layer and an inner mesenchyme layer (a mix of immune, endothelial, and fibroblast cells) (Castellucci et al. 2000) . There are an estimated 60 -70 of these chorionic villus trees that grow throughout development in a clonal manner (Peñaherrera et al. 2012) . Each tree may show a varying degree of maturation or pathology, which may be reflected in localized differences in DNA methylation. Variation in maternal and fetal blood supplies may also contribute to spatial differences in gene expression and DNA methylation (Wyatt et al. 2005) . As the placenta is a dynamic structure, showing considerable ability to adapt to a variety pathological influences (Redline 2008) , sampling strategy (in relation to organ anatomy) needs to be considered carefully in the planning and interpretation of placental DNA methylation studies (Burton et al. 2014; Hogg et al. 2014a) .
Measured DNA methylation level is an average across all cells present in a sample. Cellular composition may vary by sampling site, placental pathology, or gestational age. The DNA methylation profiles of individual cell types derived from the mesenchyme core have not been well-studied and are expected to be quite distinct from each other. For example, long-term cultures of chorionic villi, typically used for prenatal cytogenetic analysis, show a DNA methylation profile more similar to amnion and chorion than the chorionic villi as a whole (Fig. 1) . Understanding the DNA methylation profiles of individual cells will be an important step to understanding DNA methylation in healthy placentas and the changes that occur in pathological ones.
Changes with Gestational Age
Numerous changes in placental DNA methylation occur throughout gestation, with term placentas showing on average higher and more variable DNA methylation than those from earlier in gestation (Fuke et al. 2004; Novakovic et al. 2011 ). For example, the level of HERV expression has been shown to correspondingly decline with gestational age (Fuke et al. 2004 ). Changes to DNA methylation likely reflect a combination of developmentally programmed changes in cell composition and gene expression as well as environmentally influenced changes. In early gestation, primary functions of the placenta include invasion into the maternal endometrium, remodeling of maternal vasculature, and secretion of hormones important to maintain pregnancy. Trophoblast cells predominate within the chorionic villi as the early hypoxic conditions favor their proliferation. However, once there is maternal blood flow to the placenta (10 -12 wk gestation), trophoblast growth slows and embryo/fetal growth along with fetal vasculature increases. Hence, in the first trimester, the DNA methylation profile of whole chorionic villi is more similar to that of isolated trophoblast than it is later in gestation (Fig. 1) .
While a dominant syncytiotrophoblast layer remains throughout pregnancy, there is a relative decline in cytotrophoblast and mesoderm with an increase in placental vasculature and Hofbauer cells (placental macrophages) (Wang and Zhao 2010) . Interestingly, the ratio of syncytiotrophoblast to cytotrophoblast nuclei remains constant through gestation (10 wk to term) at 8:1, but cellular volume is altered through gestation (Mayhew et al. 1999) . The origin of specific cell types may also change One study identified multiple CpG sites with lower DNA methylation in placentas of ART babies and another, no difference in DNA methylation at repetitive Alu, L1 or a-satellite repeat elements; no loss of imprinting identified at 25 imprinted genes in ART placentae versus spontaneously conceived. Katari et al. 2009; Camprubi et al. 2013 with gestation, which could affect the placental DNA methylation profile. For example, Hofbauer cells derive from villous mesenchymal stem cells in the first trimester, but later in gestation likely come from fetal monocytes (Tang et al. 2011 ). An increase in hematopoietic cells through gestation may explain why the pathways most enriched amongst genes differentially methylated between first, second, or third trimester placentas were those involved in "communication between innate and adaptive immune cells" and other immune-related pathways (Novakovic et al. 2011) . Altered T-cell pathways include the NFAT pathway (an important regulator of parturition [Tabata et al. 2009] ) and pathways associated with autoimmune disorders ( presumably related to immune tolerance). This agrees with gene expression studies, which also show substantial enrichment of immune regulators amongst the most differentially expressed genes in placenta at different gestational ages (Winn et al. 2007; Mikheev et al. 2008) .
In the last half of pregnancy, the placenta also shows changes in gene expression in response to the increasing demands of the fetus for nutrients (Constancia et al. 2005) . These include, for example, up-regulation of System A transporters, which are responsible for transporting amino acids to the fetus (Coan et al. 2010; Burton and Fowden 2012) , iron transport proteins (Bradley et al. 2004) , which absorb iron from maternal blood, and placental corticotropin releasing hormone (CRH), which may stimulate maternal glucose production needed to support the growing brain (Gangestad et al. 2012) . CRH gene promoter DNA methylation has been correlated with its expression in the placenta (Jiang et al. 2012 ); increased gestational age was associated with decreased DNA methylation at CpG sites associated with the CRH gene as well as other cortisol signaling and steroidogenic genes in the placenta (Hogg et al. 2013a ). Increased DNA methylation at the promoter region of SLC2A3, the gene encoding the glucose transporter GLUT3, was associated with decreased GLUT3 expression through gestation ).
ALTERED DNA METHYLATION IN CLINICAL CONDITIONS Pregnancy Complication
Altered placental DNA methylation has been studied in the context of pregnancy complications including miscarriage, preeclampsia, intrauterine growth restriction (IUGR), and trisomy (see Table 2 ). Generally speaking, many changes in DNA methylation are observed with gross placental pathology (i.e., hydatidiform mole, triploidy, early-onset/severe preeclampsia), although more subtle changes occur when there is not a distinct pathology. For example, early-onset/severe preeclampsia is associated with decreased placental perfusion (characterized by increased syncytial knots, aggregates of intervillous fibrin, vascular lesions) and smaller placentas (Redline 2008; Nelson et al. 2014 ). There are correspondingly widespread and large changes in DNA methylation associated with early-onset preeclampsia (Yuen et al. 2010; Jia et al. 2012; Blair et al. 2013; Anton et al. 2014) . Although a subset of these changes overlap sites altered in syncytial trophoblast differentiation and hypoxia exposure ), the overall relationship of the DNA methylation changes to the observed pathology is unknown and likely complex . Regardless, DNA methylation profiling should prove clinically useful to group placentas that show similar underlying pathologies as well as to identify DNA methylation marks that could be used to quantify or characterize placental DNA circulating in maternal blood during pregnancy (Yuen et al. 2011b) .
DNA methylation changes that have been reported to be associated with IUGR tend to be of small magnitude and have not always been reproduced in other studies. An example is altered DNA methylation associated with the H19/IGF2 ICR in IUGR, which has been reported in some but not all studies (Guo et al. 2008; Bourque et al. 2010; Tabano et al. 2010; Cordeiro et al. 2014 ). This may be because of both technical aspects and different clinical criteria used in these studies. Many studies have used smallfor-gestational age (SGA) (,10th percentile) as a surrogate for IUGR, although only a subset of SGA cases are associated with placental-mediated IUGR. Some studies may also be complicated by inclusion of cases that co-occur with preeclampsia. Larger samples sizes with stricter case criteria may help clarify consistent placental DNA methylation changes associated with IUGR. Genome-wide DNA methylation profiling may prove useful as an approach to classification of cases by etiology in a manner unbiased by clinical presentation.
Chromosomally normal first trimester miscarriages show relatively few DNA methylation changes compared with placentas obtained from elective terminations (Hanna et al. 2013) , possibly because of the heterogeneous etiology of miscarriage in such samples. Nonetheless, a number of significant differences in DNA methylation have been noted, including an increased number of extreme values at imprinted DMRs (Pliushch et al. 2010; Hanna et al. 2013) . It remains to be determined if such changes are causative or a consequence of associated placental changes in these pregnancies (e.g., delayed or arrested development).
Even when a distinct etiology for abnormal placental function is apparent, it is important to consider gestational age effects. This can be illustrated by our studies of placentas with trisomy 16 (Blair et al. 2014) . Although widespread changes in placental DNA methylation were found in both first trimester trisomy 16 (ascertained from miscarriages) and third trimester trisomy 16 (in the context of confined placental mosaicism), there was relatively little overlap between the major changes at these different gestational ages. Overall there were a greater number of changes in the third trimester, which may reflect the greater time for changes to accumulate in response to such a genetic insult.
DNA Methylation Changes in Response to Exposure
The placenta has received attention in the field of developmental origins of health and disease (DOHaD) because of its role in moderating the fetal microenvironment. In addition to its immunologic and synthetic roles, placental tissue transfers molecules in the maternal blood to the fetus as well as consuming some itself. By changing structure, cell composition or gene expression, the placenta may respond to, buffer against, or adapt to the contents of maternal blood. For example, smaller and/or lighter placentas have been documented in offspring of mothers who smoke (Anblagan et al. 2013) , were pregnant during Ramadan fasting (Alwasel et al. 2013) , or were exposed to higher levels of air pollution (van den Hooven et al. 2012 ). Larger and/or heavier placentas have been documented in offspring of mothers who are obese or endure psychosocial stress during pregnancy (Tegethoff et al. 2010) . Furthermore, structural and functional changes in the placenta might correlate with changes in the fetus. Raised blood pressure in offspring was found to be associated with smaller placenta (weight and size) in children born to mothers of short stature and low socioeconomic status (Barker et al. 2010) .
Analyzing site-specific and/or genomewide placental DNA methylation may thus afford a resource for assessing maternal environmental conditions that shape fetal development and postnatal disease. A measured change in placental DNA methylation may reflect one of several effects of an exposure: (1) altered placental morphology; (2) changes in gene expression; or (3) changes in the establishment/maintenance of DNA methylation. The placenta shows a remarkable degree of developmental plasticity . Therefore, it is important to consider that evidence of an exposure in the placenta will not necessarily be associated with an effect in the fetus. But while numerous studies have examined maternal exposures by targeting individual genes likely to be involved in placental adaptation, far fewer have examined the placental methylome in associationwith environmental exposures (Tables 2  and 3 ). With the exception of chromosomal abnormalities, preeclampsia, and perhaps maternal smoking, little difference in genome-wide placental DNA methylation has been consistently observed. Some of the difficulties facing DOHaD epigenome-wide association studies (EWAS) in placenta include the following.
Study design: Amassing a large group of human samples with a homogeneous exposure is difficult. Heterogeneous genetic background and environmental modifiers further complicate phenotype and necessitate an even larger sample size.
Statistical power and biological significance: Investigators should first consider if there is reason to expect alterations in DNA methylation on the site-specific or genome-wide level, if at all. The power of EWAS studies is heavily burdened by the essential correction for multiple testing. Furthermore, the magnitude of change in DNA methylation that might be consequent to an exposure and/or result in functional changes is unknown and likely to vary across the genome.
Exposure conditions: Study of the blood of individuals born to mothers exposed to the Dutch famine suggests that differential DNA methylation at some imprinted genes may be dependent on the timing of exposure (i.e., periconceptional vs. late gestation) as well as sex of the fetus (Heijmans et al. 2008; Tobi et al. 2009 ). Variables such as the type, timing, and duration/dose of exposure may result in differential adaptation and in turn differential patterns of DNA methylation.
With attention to these factors, the placenta should yield valuable information as to the in utero exposures that may affect neonatal and postnatal health. Deciphering the epigenetic record of the placenta is an exciting and growing area of research, and focusing on changes in specific cell populations within the placenta may help distinguish changes in placental growth/structure from changes caused by the epigenome.
CONCLUDING REMARKS
Currently our understanding of the human placental methylome is in the exploratory stage. Its unique features make it attractive to study to understand the role of epigenetic processes in development. It also can hold extensive clues to adaptive and pathological processes that occur in development. We are hopeful that, as our understanding of variation in DNA methylation across the placenta and across individuals improves, it may be used as a source of clinical biomarkers during pregnancy and possibly for prediction of future well-being of the neonate. Pollution Reduced global DNA methylation with increased exposure to ambient particulate matter, with the strongest association with first trimester exposure.
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